Using SDSS I data, we have analysed the stellar distribution of the Leo II dwarf spheroidal galaxy (distance of 233 kpc) to search for evidence of tidal deformation. The existing SDSS photometric catalogue contains gaps in regions of high stellar crowding, hence we filled the area at the centre of Leo II using the DAOPHOT algorithm applied to the SDSS images. The combined DAOPHOT-SDSS dataset contains three-filter photometry over a 4 × 4 square degree region centred on Leo II. By defining a mask in three-filter colour-magnitude space, we removed the majority of foreground field stars. We have measured the following Leo II structural parameters: a core radius of r c = 2.64 ± 0.19 arcmin (178 ± 13 pc), a tidal radius of r t = 9.33 ± 0.47 arcmin (632 ± 32 pc) and a total V -band luminosity of L V = (7.4 ± 2.0) × 10 5 L ⊙ (M V = −9.9 ± 0.3). Our comprehensive -2 -analysis of the Leo II structure did not reveal any significant signs of tidal distortion. The internal structure of this object contains only mild isophotal twisting. A small overdensity was discovered appoximately 4.5 tidal radii from the Leo II centre, however we conclude it is unlikely to be material tidally stripped from Leo II based on its stellar population, and is most likely a foreground overdensity of stars. Our results indicate that the influence of the Galactic graviational field on the structure of Leo II has been relatively mild. We rederived the mass-to-light ratio of this system using existing kinematic data combined with our improved structural measurements, and favour the scenario in which Leo II is strongly dominated by dark matter with (M/L) V ∼ 100 in solar units.
analysis of the Leo II structure did not reveal any significant signs of tidal distortion. The internal structure of this object contains only mild isophotal twisting. A small overdensity was discovered appoximately 4.5 tidal radii from the Leo II centre, however we conclude it is unlikely to be material tidally stripped from Leo II based on its stellar population, and is most likely a foreground overdensity of stars. Our results indicate that the influence of the Galactic graviational field on the structure of Leo II has been relatively mild. We rederived the mass-to-light ratio of this system using existing kinematic data combined with our improved structural measurements, and favour the scenario in which Leo II is strongly dominated by dark matter with (M/L) V ∼ 100 in solar units.
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Introduction
Dwarf spheroidal (dSph) galaxies figure prominently in cold dark matter (CDM) cosmology as the lowest mass galaxies. It is thought that clumps of dark matter formed from density fluctuations in the early Universe and underwent mergers and accretions to generate larger structures. These small dark halos were among the sites of the very early star formation and some of the dwarf galaxies we see today are believed to be fossils of this epoch (Ricotti & Gnedin 2005; Gnedin & Kravtsov 2006) . Indeed, the stellar population of every known dSph contains some fraction of ancient (age ∼ Hubble time) stars (Grebel 1997) . These systems are strongly dominated by dark matter and kinematic data indicate that the stars reside at the centre of an extended dark halo (Mateo et al. 1991; Kleyna et al. 2001; Wilkinson et al. 2004; Koch et al. 2007a,c; Gilmore et al. 2007) . CDM has been successful at reproducing large-scale structure in the observable Universe, however it makes some apparently discrepant predictions at the scale of dwarf galaxies (Moore et al. 1999; Freeman & Bland-Hawthorn 2002 ).
An integral part of the hierarchical merging process is the tidal disruption of small satellite halos within a large galaxy halo. It is a matter of ongoing debate to what extent these processes have shaped the appearance, or even the survival, of the observable dSph satellites around our Milky Way. The gravitational potential of the Galaxy is altering the structure of its orbiting dSph systems; however, the influence of the underlying dark halo of the dwarf galaxy is an unknown quantity in this process. Consequently, the tidal distortion of satellite galaxies has recently been of interest, prompted by the discovery of the merg-ing Sagittarius dSph (Ibata, Gilmore, & Irwin 1994; Majewski et al. 2003) , the Monoceros stream (Yanny et al. 2003; Newberg et al. 2002) and the Canis Major object (Martin et al. 2004) . These distortions can also be used to measure the geometry and mass of the host and satellite dark halos (for example, Sackett et al. 1994; Johnston et al. 1999; Ibata et al. 2001) and are therefore of great import in several aspects of CDM studies. For the present paper, we have used the Sloan Digital Sky Survey (SDSS) data to examine the global structure of the Leo II dSph also to search for tidal distortion by the Milky Way.
Leo II is a distant dSph (d = 233 kpc; Bellazzini et al. 2005 ) of intermediate luminosity (M V = −10.1; Grebel et al. 2003) . Irwin & Hatzidimitriou (1995) examined the (then known) eight dSph companions of the Milky Way using the Palomar and UK Schmidt photographic plate surveys, and concluded that "the majority do not seem to be in dynamical equilibrium in their outer parts". Their radial profile and isopleth map of Leo II contained moderate signs of tidal distortion, however there are no overt extra-tidal structures. However, they noted difficulties when studying Leo I and II due to their larger distances. The best wide-field survey of this object is that by Komiyama et al. (2007) based on wide-field photometry to a depth of V ∼ 26. They detected a small globular cluster-like object in the halo, however there was no indication of tidal distortion. All the dSphs have experienced some level of tidal moulding, however, given the large Galactocentric distance of Leo II, strong tidal distortions are not expected unless its orbit is highly elliptical. Aaronson & Mould (1985) detected carbon stars in Leo II and inferred that it contains a significant intermediate-age population. This was confirmed by the HST study of Mighell & Rich (1996) , who found that the majority of Leo II stars were formed 9 ± 1 Gyr ago. There is also an old population of 14 ± 1 Gyr (a trait which appears common to all dSphs; see Grebel & Gallagher 2004) , and Koch et al. (2007b) found star formation in Leo II to have continued until approximately 2 Gyr ago. Bellazzini et al. (2005) found that Leo II displays a mild population gradient, with its RHB stars preferentially located at the centre of the system (another characteristic shared by other dSphs; Harbeck et al. 2001) . Indeed, Komiyama et al. (2007) have detected a small population of stars with an age of ∼4 Gyr located towards the centre of Leo II. Koch et al. (2007b) did not detect a corresponding gradient in metallicity. Vogt et al. (1995) measured the radial velocities of 31 Leo II red giants in the core region of the dSph; they measured a velocity dispersion of 6.7 ± 1.1 km s −1 , yielding a global V -band mass-to-light ratio of 11.1 ± 3.8 in solar units 1 . They con-cluded that the large velocity dispersion cannot be produced by tidal heating, thus Leo II contains an extensive dark matter halo (∼10 7 M ⊙ ). This result is supported by the extensive kinematic survey of Koch et al. (2007c) . Their analysis of the radial velocities of 171 Leo II members over the entire luminous system found a velocity dispersion of 6.6 ± 0.7 km s −1 , which is essntially flat to the tidal radius, yielding a mass-to-light ratio of 27 − 45 in solar units.
Here we present a wide-field photometric analysis of the Leo II dSph based on data from the Sloan Digital Sky Survey (SDSS; York et al. 2000) Data Release 5 (DR5; Adelman-McCarthy et al. 2007 ). These data have been used to search the structure of this system for evidence of tidal distortion, and we have rederived many of the Leo II structural parameters. SDSS is an imaging and spectroscopic survey that has mapped ∼1/4 of the sky. Imaging data are produced simultaneously in five photometric bands, namely u, g, r, i, and z (Fukugita et al. 1996; Gunn et al. 1998; Hogg et al. 2001; Gunn et al. 2006) . The data are processed through pipelines to measure photometric and astrometric properties (Lupton, Gunn, & Szalay 1999; Stoughton et al. 2002; Smith et al. 2002; Pier et al. 2003; Ivezić et al. 2004; Tucker et al. 2006) . SDSS has proved to be extremely useful for studying the Galactic satellites. It has led to the discovery of tidal tails from globular clusters (for example, Palomar 5 by Odenkirchen et al. 2001a ; NGC 5466 by Belokurov et al. 2006a; Grillmair & Johnson 2006) and streams in the Galactic Halo (Newberg et al. 2003; Belokurov et al. 2006b; Grillmair 2006; Grillmair & Dionatos 2006) . Also, SDSS has led to the detection of several new dSph candidates (Willman et al. 2005; Belokurov et al. 2006c; Zucker et al. 2006a,b) . Thus, the multiple filters of SDSS are particularly useful for removing undesired sources (such as foreground stars) in the search for substructures. This was demonstrated by Odenkirchen et al. (2001b) in their study of the Draco dSph and Smolčić et al. (2007) when examining Leo I. In this paper we present a similar analysis of the Leo II dSph using the SDSS DR5 (Adelman-McCarthy et al. 2007 ).
Photometry
Part of SDSS is a set of automated algorithms to extract information from the survey images. This includes the pipeline 'Photo' (Lupton et al. 2002; Stoughton et al. 2002) , which has extracted five colour photometry for the vast majority of the survey area. However, this package was not designed or optimised to analyse crowded stellar fields: Photo contains two parameters (a time limit and a maximum number of sources) which are exceeded in regions paper.
of high stellar density. Therefore, the centres of globular clusters and nearby galaxies are not included in the resulting SDSS photometric catalogues. Smolčić et al. (2007) described an automated pipeline based on the DoPHOT program to analyse crowded SDSS fields, and then applied it to a 3.55 square degree region centred on the dSph galaxy Leo I. Their work contained a comparison between SDSS Photo and DoPHOT measurements, and here we present a complementary analysis of the Leo II region using the DAOPHOT package to fill the vacant areas of SDSS photometry not catalogued by SDSS's Photo. 2 . Gaps can be seen at the centre of the dSph (the region within the core radius is incomplete) and at coordinates (0.4, 1.0); this second gap contains the 4th magnitude star FN Leonis (72 Leo, HD 97778) 3 which resulted in Photo failing for two frames. To complete the photometry in these areas, we accessed the SDSS images listed in Table 1 in the three filters g, r and i and measured the magnitudes of all stellar sources. In total, photometry was derived for 45 fields. A large overlap region allowed a comprehensive comparison between the two photometry datasets. Stellar magnitudes were measured using the DAOPHOT (Stetson 1987) program within IRAF, using the same method as described for previous surveys of the Fornax and Sculptor dSphs (Coleman et al. 2005a,b) . In summary, we derived a best-fitting PSF model for each image, and measured the PSF magnitude for each star in that image. Also, we performed an aperture correction for each image by selecting stars in an uncrowded region and comparing their aperture magnitudes to those determined using the PSF-fitting technique. In general, the PSF magnitudes were 0.01 −0.02 mag fainter than the aperture magnitudes. The magnitudes for each field were adjusted to match the aperture measurement. We removed all stars with photometry errors greater than 0.2 mag. The stars located between overlap regions were used to ensure a constant photometric zeropoint across the fields. An overall photometric adjustment was then made by matching stars in common with our DAOPHOT catalogue and the SDSS catalogue. A comparison between these matched stars (after adjustment) is shown in Fig. 2 . This produced the final DAOPHOT photometry dataset.
The stated 95% completeness limits of the SDSS catalogue are g = 22.2, r = 22.2 and i = 21.3 (Stoughton et al. 2002) . We measured these values for the DAOPHOT photometry using artificial star tests in the central Leo II field (run 5194, rerun 5, field 361). We placed 900 stars in this field distributed on a fixed grid using the previously derived PSF as a model and then attempted to recover these stars using the same techniques as described above. The completeness was then measured as the fraction of artificial stars successfully photometered by DAOPHOT. The test was repeated for artificial stars in the magnitude range 18.00, 18.25, . . . , 23.00 for all three filters. From this, we measured 95% completeness limits of g = 22.0, r = 21.9 and i = 21.4 (all with approximate uncertainties of 0.1 mag), implying that the photometric completeness returned by DAOPHOT was not affected by the stellar crowding seen at the centre of Leo II.
We measured the photometric accuracy as the dispersion of the magnitudes returned by DAOPHOT for the artificial stars. These are indicated by the errorbars in Fig. 2 . It is instructive to determine the photometric errors of a hypothetical 'average' Leo II star (that is, a star in the centre of the RGB) at the i-band faint limit of i = 21.3. An average Leo II star at this magnitude will display brightnesses of g ≈ 22.1, r ≈ 21.6. From the artificial star tests, the corresponding uncertainties at these magnitudes are σ g = 0.08 mag, σ r = 0.09 mag and σ i = 0.08 mag (the formal uncertainties returned by DAOPHOT were slightly smaller, 0.07 − 0.08 mag). Thus, in our DAOPHOT dataset, an average Leo II star at the photometric limit will display an uncertainty in c 1 and c 2 (these 'colour' terms are defined in §2.2) of 0.145 magnitudes. This agrees with the c 2 dispersion of Leo II stars shown in Fig. 6 . This is essentially equivalent to the uncertainties associated with an equivalent star whose photometry was measured with the SDSS Photo package. In this case, the same hypothetical Leo II star considered above will have photometric errors of 0.08 magnitudes in all three filters. Hence, given that the completeness limits and photometric accuracies of the DAOPHOT and SDSS catalogues are evenly matched, the two catalogues were combined to produce a final Leo II dataset. The existing SDSS photometry displays a slightly better accuracy than ours, therefore we used the SDSS values for stars common to both catalogues.
Stellar Population Gradient
Colour-magnitude diagrams for the core region of Leo II are displayed in Fig. 3 . Here we have overlayed 9 Gyr age isochrones with [Fe/H] abundances of −1.5 and −2.0, via the Johnson-Cousins to SDSS solution derived by Jordi et al. (2006) . Our data cover the red giant branch of this system, with the red horizontal branch stars visible at the faint limit. Leo II is dominated by an intermediate-age, metal-poor stellar population, and this is reflected in its CMD.
Population gradients are common in dwarf spheroidal galaxies. These reflect the early and ongoing star formation traits of the system, and, in general, the young, metal-rich population is found to be more centrally concentrated than the older, metal-poor stars (for a review, see Harbeck et al. 2001 ; for more recent examples refer to Tolstoy et al. 2004; Battaglia et al. 2006; Koch et al. 2006) . A common indicator of population gradients is the horizontal branch, whose morphology is dependent on both age and metallicity of the stellar population. We do not have access to this feature in Leo II as it is below the flux limit (however, see Komiyama et al. 2007 for an analysis fo the Leo II HB). However, we are able to examine the upper RGB with some accuracy. The colour of the upper RGB depends sensitively on changes in metallicity (as [Fe/H] increases the RGB tip moves redward) yet it displays only a slight dependence on age. Bellazzini et al. (2005) found evidence for a population gradient in Leo II and constructed a hypothesis in which "age would be the main driver of this gradient". If true, then the colour of the upper RGB should not significantly change with radius
We determined the mean (g − i) colour in the upper magnitude of the Leo II red giant branch. The dataset was divided at the core radius, with the subsequent stellar populations shown in Fig. 4 . The average upper RGB colours were measured to be,
Thus, we found only tentative evidence for a redward colour shift of 0.03 mag in the brightest magnitude of the RGB when moving beyond the core radius, however we note that this shift is within the uncertainties quoted above. Also, an examination of Fig. 4 reveals that there is no significant difference in the gradient of the upper RGB between the inner and outer populations. Based on medium resolution spectroscopy of 52 RGB stars covering the entire surface area of this dSph, Koch et al. (2007b) do not find a clear indication of any radial gradients in Leo II, neither in metallicity nor in age. We examined the data of Bosler et al. (2007) , who measured [Fe/H] metallicities for 74 red giant stars in Leo II distributed out to a radius of 4 ′ from the dSph centre. Our analysis of their data found no evidence of a metallicity gradient, in support of the Koch et al. (2007b) result. These results, combined with our photometric analysis, indicate that any population gradient in Leo II is at most weak. Odenkirchen et al. (2001b) demonstrated that an efficient removal of field stars can be obtained by creating 'object-foreground' contrast maps in colour-magnitude space with especially fit 'colours', named c 1 and c 2 . By combining the three SDSS filters, g, r and i, one can construct these two principal colours starting from the (g − r) vs (r − i) plane. Fig. 5 is a colour-colour diagram containing stars within 2r c of the Leo II centre. The parameter c 1 is represented by the red line and was obtained by fitting a ridge-line locus to data. Correspondingly, c 2 was defined to be perpendicular to this locus. For Leo II, the two principal colours are thus represented by:
CMD Filtering
which then provide a simple method for CMD filtering. For clarity, the Leo II stars are shown in Fig. 6 in both the (c 1 , i) and (c 2 , i) planes, where the CMD in the second panel is seen edge-on. The left panel contains a clear red giant branch, and this represents the primary level of filtering -we selected those stars within the RGB area of the CMD. The right panel indicates that the Leo II stars are dispersed around c 2 = 0, where the level of dispersion is defined by photometric errors. This provided a secondary level of filtering -we selected those stars within 2σ c 2 of zero, where σ c 2 is the dispersion in c 2 as a function of i magnitude, as shown in Fig. 6 . The CMD-selection was performed only on those stars above the photometric limit at i = 21.3.
The subsequent CMD filtering method was developed by Grillmair et al. (1995) based on a 'signal-to-noise' determination of the desired stars compared to the field population. Odenkirchen et al. (2001b) applied this method using SDSS photometry of the Draco dSph, and we followed his description when applying it to Leo II. Essentially, we constructed a CMD density function for both the Leo II and field populations, and these two functions were then compared to determine which region of the CMD minimised the field population while maintaining a high number of Leo II stars. These CMD functions were created by dividing the (c 1 , i) plane into a series of cells of dimensions 0.09 magnitudes in colour and 0.35 magnitudes in i. The centre of each cell was offset from the centre of its neighbouring cell by 0.015 and 0.05 magnitudes in colour and i respectively, thus ensuring the CMD functions were smooth and continuous. Contour diagrams are shown in Fig. 7 which trace the signal of the Leo II and field populations, which we will refer to as n c and n f respectively. Using these CMD density functions, the signal in each CMD cell (i, j) was determined as,
The parameter g is a scaling factor defined as the ratio of the core to field areas; for our Leo II study, g = 2.496 × 10 −2 . The core population was drawn from the region within 2r c of the Leo II centre, while the region between 8r t and the survey limit defined the field population. CMD filtration was then achieved by setting a threshold signal (s 0 ) and selecting stars located in cells with s(i, j) ≥ s 0 . We chose a threshold signal which optimised the Leo II population (see Grillmair et al. 1995) , which for this dataset was s 0 = 3.76. The contour in Fig. 6 outlines the region defined for CMD selection. Within the s 0 threshold contour 21162 stars were selected across the 16 square degree region, with 3319 of these located in the central 2r c region.
3. The Structure of Leo II Fig. 8 displays the distribution of the CMD-filtered stars (to the photometric limit of the datset) across the sky. We have included both the narrow-field (1 • ×1
• ) and wide-field (4 • ×4
• ) views of the system. A useful method for examining the structure of Galactic satellites is provided by a stellar surface density contour diagram. Two of these are shown in Fig. 10 where each star has been convolved with a Gaussian of radius 1.2 ′ (that is, r t /8; narrow-field view, left panel) and 4.7 ′ (that is, r t /2; wide-field view, right panel). An important aspect of these diagrams is the choice of contour levels. Here we have chosen them such that the two lowest contour levels trace stellar densities 1.5σ f and 3σ f above the background density. The value of 'σ f ' (or, the statistical variation in the density of field stars) is dependent on two factors: the field star density, and the width of the Gaussian. From the extra-tidal region of Leo II we know that the CMD-filtered dataset still contains a field population of density 0.341 stars/arcmin 2 . For the wide-field view we used a Gaussian of radius 4.7 ′ , hence this is effectively the resolution of the contour diagram. Thus, in a region with radius 4.7 ′ we would expect to find 24 field stars. Poisson statistics thus implies a background variation of 4.9 stars (or 21%), and this provides our σ f value for the right-hand contour diagram. For the diagram in the left panel we have a narrower Gaussian, hence the background variation is proportionally higher (σ f = 1.2 stars, or 81%).
Thus, choosing the width of the Gaussian is a matter of balance between the resolution and noise level per resolution element of the contour diagram. A wide Gaussian will include more stars within its resolving radius, hence the number statistics improve. However, this is offset by the reduction in resolution compared to a narrower Gaussian, thereby reducing the chance of finding smaller structures. For this reason, we have chosen two viewpoints. The wide-field view is helpful when searching for large extra-tidal structures (such as tidal tails) while the narrow view allows an examination of the internal structure of Leo II. Both these aspects are investigated further in this section. Komiyama et al. (2007) have noted a small knotty structure located in the outer parts of Leo II, a result which appeared after the submission of the current publication. This structure is visible in our contour diagram, (Fig. 10, left panel) at coordinates (0.15
• , 0.0 • ). Komiyama et al. (2007) were unable to distinguish the stellar population of this structure from that of Leo II itself, and propose that it is either some tidally stripped material, or a small globular cluster which has merged with Leo II. An examination of our data also found that it has the same stellar population as Leo II, and we are unable to provide further insight into the nature of this structure.
Internal Structure
The left panel of Fig. 10 shows the inner square degree of our survey region. We measured the internal structure of Leo II by fitting a series of radially increasing ellipses to the contour diagram in Fig. 10 (left) using the IRAF routine ellipse. At each semi-major axis radius this program derived the best-fitting position angle, ellipticity and central coordinates using the iterative method described by Jedrzejewski (1987) . This algorithm was applied to 200 'halfdatasets' (that is, random data subsets with 50% of all stars) to achieve bootstrap-sampled values with associated uncertainties. The results are shown in Fig. 11 . For the remainder of this paper we adopt the structural parameters listed in Table 2 for Leo II. These represent the uncertainty-weighted mean of the values shown in Fig. 11 for the range 0 ′ ≤ r ≤ 9.5 ′ .
A characteristic associated with tidal distortion is isophotal twisting, although isophote twists can also be projection effects of triaxial distributions. Numerical simulations (for example, Helmi & White 2001; Johnston et al. 2002) predict that a tidally distorted satellite will have structural gradients, resulting in an ellipticity and position angle (and possibly central coordinates) which are dependent on radius. These effects have been observed in the Ursa Minor dSph which contains significant structural abnormalities, including isophotal twisting (Martínez-Delgado et al. 2001; Palma et al. 2003) . The structure of Ursa Minor is distinctly S-shaped and it displays some of the strongest signs of tidal distortion seen in the Galactic dSphs. We have detected an ellipticity gradient in Leo II, however there is little evidence for significant variation in position angle or central coordinates. This is not the same level of comprehensive structural moulding observed in Ursa Minor, and the ellipticity variation seen here can be produced by triaxiality. Hence, the internal structure of Leo II does not indicate a strong level of tidal heating.
A quantitative method of examining the structure of dSphs is provided by the radial profile, shown in Fig. 9 . Here we have divided the spatial distribution of Leo II stars into a series of concentric annuli (each with an ellipticity of e = 0.11 and position angle of 6.7
• ) and calculated the stellar density in each. The dashed line represents the best-fitting empirical King profile, defined by Eqn. 14 of King (1962) . The core and tidal radii were derived using bootstrap-resampling, yielding values of r c = 2.64 ± 0.19 arcmin (178 ± 13 pc) and r t = 9.33 ± 0.47 arcmin (632 ± 32 pc) respectively. Compared to Komiyama et al. (2007) (r c = 2.76 ′ , r t = 8.63 ′ ) and Irwin & Hatzidimitriou (1995) (r c = 2.9 ′ ± 0.6, r t = 8.7 ′ ± 0.9), we have found Leo II to be a slightly more concentrated system of larger extent, however our values are within their uncertainties. Our core and tidal radii are represented by the red ellipses in Fig. 8 . Smolčić et al. (2007) examined the structure of the Leo I dSph using SDSS data and found it could also be well described by a Gaussian star density model, which allows simple modelling. Parameters such as total luminosity are considerably simpler to calculate under a Gaussian model compared to the King model (note that a King model is essentially a truncated Gaussian) and there is little difference between the two, except for the background at large radii. We derived a best-fitting Gaussian function to the Leo II data, and this is marked by the dotted line in Fig. 9 . Using the notation of Smolčić et al., we found a bestfitting central density of Σ 0 = 30 ± 3 stars/arcmin 2 and a defining radius of r 0 = 2.2 ± 0.1 arcmin. It is worth noting that there is no significant departure of the data from either the King or Gaussian models which would support the presence of extra-tidal stars. We found the King model to be a marginally more accurate representation of the Leo II structure, however the Gaussian model was a reasonable projection and will be used for our mass estimate of the dSph in §4.
Search for Extra-Tidal Structure
The wide-field contour diagram in Fig. 10 (right panel) allowed a visual search for stellar overdensities in the extra-tidal region (as defined by the King model fit). Using this simple method, we found four structures, outlined in Fig. 12 , with stellar densities above the '3σ' level. All these structures are beyond the range of the deep photometry by Komiyama et al. (2007) . The highest significance structure is centred at coordinates (−0.4, −0.6) and is approximately 20 ′ in diameter (that is, the same apparent size as Leo II itself). This bears some resemblance to the tidal tails seen emerging from globular clusters such as Pal 5 (Odenkirchen et al. 2001a ) and NGC 5466 (Belokurov et al. 2006a ). Combined with the second structure centred at (−0.8, −1.5), this is qualitatively similar to the 'clumpiness' seen in the Pal 5 tidal tails. However, tidal features are generally expected (and observed) to be bi-symmetric, which is not seen here.
If the overdensities represent material stripped from Leo II due to Galactic tidal forces, then their stellar populations should resemble that of the dSph. The CMDs of these four extra-tidal features are displayed in Fig. 13 . For comparison, we also show the data for the Leo II core and a random field region of equivalent area on the sky. The four overdense regions have approximately twice as many stars above the completeness limit compared to the equivalent-area field region. Here we have chosen stars within 6 ′ of the centre of each overdensity and compared it to the Leo II core population defined in the previous section.
The CMDs are in shown in (V − I, V ) space using the Jordi et al. (2006) transformation to convert SDSS magnitudes to the Johnson-Cousins filter system. This allowed us to directly compare the data to isochrones (Yi et al. 2001; Kim et al. 2002) matching the Leo II stars, a 12 Gyr age population with a metallicity between [Fe/H] = −2.0 and −1.5.
There is no obvious correlation between the Leo II stellar population and those of the overdense structures. They all contain some stars coincident with the Leo II upper RGB, however this is not apparent at fainter magnitudes. This is made more compelling given that, in general, the lower RGB is more densely populated than the bright end (for example, the Leo II CMD) and should therefore be more conspicuous. To better determine if their stellar populations are coincident with that of Leo II, we statistically subtracted the field population from the CMDs of the four overdense regions. That is, we created CMD functions for the overdensities and the field by dividing the colour-magnitude plane into a series of cells as described in the previous section, and then subtracted the field function from those of the overdense regions. The field population was drawn from the r > 5r t region, minus the four overdense areas. Fig. 14 shows the Hess diagrams for Leo II, the field region, and the four 'field-subtracted' areas.
None of the overdense regions appear to contain a Leo II-type stellar population. We do not believe that variations in extinction across the field could adequately shift the stellar population of a Leo II extra-tidal structure, as there is an obvious difference between the gradient of the Leo II RGB and the structures shown in Fig. 14 . Also, a considerable change in extinction would require a small dust cloud located precisely between us and the overdensities, and localised in those regions. This is highly unlikely given the lack of gas and extinction found in dSphs in general, and is not supported by the Schlegel et al. (1998) dust maps (the average reddening in the vicinity of Leo II is E(B − V ) ≈ 0.019 mag with a variation of approximately 0.004 mag over the 4 × 4 square degree region).
Therefore, we conclude that it is unlikely that the overdensities consist of objects that could plausibly have been drawn from Leo II. Moreover, the overdensities are not symmetric around Leo II, and this would argue against the tidal disruption explanation. Thus, if the field population does not contain red giant stars at the distance of Leo II, it must be composed of foreground stars. To coincide in CMD-space with the Leo II RGB they would have to be dwarf stars lying at distances of 1 − 6 kpc. Given the wide-field of our survey (4 × 4 square degrees), it is not unreasonable to expect considerable variation in stellar density throughout the Milky Way thin and thick disk. We believe the four overdensities are such variations.
The Luminosity and Mass of Leo II

Luminosity
We measured the total light from Leo II following two distinct methods. Firstly, we measured the total light from Leo II in the SDSS images and subtracted the background. From this, we measured the integrated absolute magnitude of Leo II in the SDSS filters to be M g = −9.67, M r = −10.26 and M i = −10.76. Using the Jordi et al. (2006) conversion, these correspond to M B = −9.25, M V = −9.94 and M I = −11.26. However, it is possible to use deep photometry of nearby globular clusters to extrapolate our photometry to fainter magnitudes. This second method was used by Smolčić et al. (2007) to determine the total I-band luminosity of the Leo I dSph from SDSS data.
We created luminosity functions (LFs) for the core (r ≤ 2r c ) and field (r ≥ 2r t ) regions of Leo II by counting the number of stars in bins of 0.2 mag. The field LF was scaled by the ratio of the core-to-field spatial areas and was then subtracted from the core function. Assuming a near-Gaussian structure, the region within two core radii is expected to contain approximately 95% of the galaxy's luminosity, therefore we multiplied this differential function by a factor of 1.05 to produce a background-subtracted Leo II luminosity function. This function was derived in the Cousins I filter to ensure it matched the globular cluster data (we made use of the SDSS to Johnson-Cousins transformations given by Jordi et al. 2006) . The resulting luminosity function is marked by the solid line in Fig. 15 .
To extend this luminosity function to fainter magnitudes we required a globular cluster which emulated the stellar population of Leo II. The spectroscopic studies of Bosler et al. (2007) and Koch et al. (2007b) indicate that Leo II has a mean abundance of [Fe/H] ≈ −1.7 with a dispersion of 0.3 − 0.5 dex (all metallicities quoted in this section are on the Carretta & Gratton 1997 scale). As such, we used the luminosity function of M5 derived by Sandquist et al. (1996) . Although this cluster is more metal-rich than the mean Leo II population (the abundance of M5 is [Fe/H] = −1.11 ; Carretta & Gratton 1997) , the characteristics of the upper red giant branch are similar 4 . Sandquist et al. (1996) state their I-band luminosity function is 95% complete to approximately one magnitude below the main sequence turnoff. We scaled this function to match the faint end of our data and it is marked by the dashed line in Fig. 15 . The remainder of the luminosity function was completed using deep HST photometry of the globular cluster NGC 6397 ([Fe/H] = −1.95; Harris 1996). Piotto et al. (1997) derived an I-band luminosity function for this cluster with a 90% completeness to approximately eight magnitudes below the MSTO, or to stars with masses ∼0.13M ⊙ . This function was scaled to match the faint end of the M5 LF and is indicated by the dotted line in Fig. 15 .
By integrating the light from these functions 5 we derived a total I-band luminosity for Leo II of L I = (11.4 ± 3.0) × 10 5 L ⊙ which is equivalent to an absolute magnitude of M I = −11.0 ± 0.3 (uncertainty analysis below). By combining this luminosity function with the isochrones in the lower panel of Fig. 15 we were able to infer an integrated (V − I) colour of 1.1. This is within the uncertainty of 0.95±0.17 measured by Vogt et al. (1995) . This gave an absolute integrated V -band magnitude of Table 2 . These are in agreement with the values derived by Hodge (1982) and Vogt et al. (1995) .
Uncertainties in the Total Luminosity
The absolute integrated magnitude uncertainties quoted above (0.3 mag) were the product of three uncertainties. The first of these is provided by the differences in stellar population between the globular clusters and Leo II. Leo II is known to have a predominately red HB, yet M5 contains more blue HB stars than red. For the V -band luminosity, this makes little difference, given that BHB and RHB stars are approximately the same luminosity when observed through this filter. However, RHB stars are approximately 0.5 mag brighter than their blue counterparts in the I band. Using the luminosity function in Fig.  15 , we increased the I band brightness of 50% of the stars at the HB luminosity by 0.5 mag. This was found to have a negligible effect, the overall brightness of Leo II changed by less than 1%. Also, although the bulk of Leo II's star formation occurred between 7 − 14 Gyr ago (Mighell & Rich 1996) , Koch et al. (2007b) find evidence for the occurance of star formation until approximately 2 Gyr ago. Thus, Leo II contains additional sub-giant and main sequence stars, which would be make it more luminous than predicted by the ancient globular cluster LFs. From an analysis of our theoretical isochrones for Leo II combined with a Salpeter initial mass function, we estmimate this effect to have contributed approximately 0.25 mag uncertainty to the total luminosity of Leo II.
The second contribution to the uncertainty is provided by errors in our photometry. We followed these through the LF calculation and measured their total effect on the integrated luminosity to be 0.02 mag. Although we do not have access to the photometry uncertainties which contributed to the luminosity functions of M5 and NGC 6397, we estimated their net influence to be approximately the same as our Leo II value. This resulted in a combined value of 0.03 mag.
The final uncertainty stems from our scaling of the globular cluster luminosity functions to match that of Leo II. The LFs we placed on the correct magnitude scale using their distance moduli, (m − M) 0 = 21.84 ± 0.13 (Leo II; Bellazzini et al. 2005 ), 14.41 ± 0.07 (M5; Sandquist et al. 1996) and 12.05 (NGC 6397; Piotto et al. 1997) . The functions were then aligned by minimising the difference in number of stars (y-axis) in the overlapping regions. We estimated the error in this normalisation to be approximately 10%, which produces a total uncertainty of 0.1 mag in the integrated luminosity. Combining this value with the uncertainties above in quadrature gives a total uncertainty of 0.3 mag.
Mass
An accurate determination of the total mass of a pressure-supported system requires the velocity dispersion to be measured as a function of radius. However, the stars of a dSph galaxy presumably reside in a dark halo which dominates the mass of the system and is thought to extend far beyond the limiting radius of the luminous material (for example, Mateo et al. 1991; Kleyna et al. 2001; Wilkinson et al. 2004; Koch et al. 2007a; Penarrubia et al. 2007 ). Thus, the stars of a dSph are centrally concentrated and we are therefore able to measure the velocity dispersion only at the centre of the dark halo. The Leo II dSph is consistent with this view: Koch et al. (2007c) have found that the velocity dispersion of this system is essentially constant to the luminous edge of the system.
A typical method to derive the mass of a dSph was provided by Illingworth (1976) , based on the King (1966) models. This method was designed for globular clusters, hence it incorporates a variety of assumptions (mass-follows-light, isotropy, dynamical equilibrium) which are inconsistent with observations of dSph galaxies. Despite these concerns, this method provides a useful estimation for the total mass, and is still used (for example, the recent study by Simon & Geha 2007) . For simple comparison to previous work, we have derived the total mass of Leo II using the Illingworth method,
where r c is the King core radius measured above, σ is the velocity dispersion, and β is a concentration-dependent parameter typically assumed to be 8 for dSphs (Mateo 1998) .
Using the velocity dispersion from Koch et al. (2007c) , we find the mass of Leo II to be 1.04
−0.21 × 10 7 M ⊙ , implying a mass-to-light ratio of 14.1
−2.8 in solar units. Vogt et al. (1995) found a similar result, deriving a 'global' mass-to-light ratio of M/L = 11.1 ± 3.8 in the V band using their central velocity dispersion combined with an isothermal (King 1966 ) model in which mass follows light. Smolčić et al. (2007) outlined a different method to estimate the mass of Leo I by combining the existing kinematic data with the assumption that the total mass of the dSph structure follows a Gaussian representation within this model. The Gaussian model is analytical (Rix & Lake 1993) , and therefore allows us to derive fundamental quantities such as the central density and todal mass of the dark halo directly from the measured parameters of Leo II. As with other methods, this only allows a mass measurement within the stellar limiting radius. A lower limit for the mass of Leo II can be estimated by assuming that the distribution of mass follows that of the light, while an upper limit would assume that the mass of the dark halo is effectively constant from the centre of the system to the edge of the luminous matter. In the interests of completeness, we explore both scenarios below, however the analysis of Koch et al. (2007c) indicates that the upper limit is the best estimate.
From 171 radial velocity measurements, Koch et al. (2007c) derived a velocity dispersion for Leo II of σ = 6.6 ± 0.7 km s −1 , which is in agreement with the previous value derived by Vogt et al. (1995) (σ = 6.7 ± 1.1 km s −1 via 31 red giants). Given their larger dataset, we have adopted the Koch et al. (2007c) value in our calculations. Assuming that the total mass (Gaussian) has a characteristic radius at least as large as the core radius (Eq. 10, Smolčić et al. 2007 ) the data then best constrain the total central mass density:
where the uncertainty stems from the velocity dispersion error and we have implied by our nomenclature ρ 0,DM that this mass is dark matter dominated. This central mass density is approximately twice the Leo I value determined by Smolčić et al.
If we now assume for a first scenario that the total mass follows the distribution of light, this provides an estimate for the minimum mass of Leo II. Applying Eq. 11 of Smolčić et al. (2007) we found the mass (within the tidal radius) to be M tot = 5.2 However, the kinematic results of Koch et al. (2007c) indicate that the velocity dispersion profile of Leo II is essentially flat, and this excludes the possibility of mass-follows-light. Therefore, we repeat the preceeding calculation assuming a large dark matter core (a model in which the central density value derived above applied to the entire luminous region), which on balance appears to be probable. Specifically, ρ DM (r) = ρ 0,DM from the centre to the tidal radius at r t = 9.33 ′ . Applying Eq. 12 of Smolčić et al. (2007) yielded a total mass (to the tidal limit) of M tot = 6.6 +1.5 −1.3 × 10 7 M ⊙ and the corresponding mass-to-light ratios are:
This second set of values define an upper limit (we have combined the quoted uncertainties in luminosity and mass to produce the uncertainties given here). Koch et al. (2007c) measured the radial velocity dispersion profile of Leo II, and their dynamical modelling excludes massfollows-light. This favours this second value and reinforces the trend seen in other dSphs. The watershed study of Fornax by Mateo et al. (1991) found the velocity dispersion appeared to be flat with radius, indicating a dark halo with constant density to the measurement limit. More recently, Kleyna et al. (2001) and Wilkinson et al. (2004) have found the velocity dispersions of Draco and Ursa Minor are essentially flat to the tidal radius (which is also supported by the more recent work by Muñoz et al. 2005 ). There has recently been several studies with similar findings for the Fornax and Sextans dSphs (Walker et al. 2006a,b) , and the Sculptor (Westfall et al. 2006) , Carina (Muñoz et al. 2006) and Leo I (Koch et al. 2007a) systems. This would argue against the 'mass follows light' scenario and support the second set of M/L values given above. Thus, we conclude that the mass-to-light ratio of Leo II (within its tidal radius) is ∼100 in solar units.
Conclusion
Our main aim was to determine whether the structure of Leo II showed signs of having been altered by the Galactic tidal field. We have examined the structure of the Leo II dSph using SDSS photometry from DR5 supplemented with DAOPHOT photometry for the centre of Leo II. The derived photometry was found to have an accuracy and completeness comparable to that of SDSS, thereby providing homogeneous data over wide areas. A signalto-noise CMD selection technique was applied to the three filter photometry to remove the majority of field stars and increase the 'signal' from the Leo II dSph.
We examined the structure of Leo II in two parts, considering both its internal (to the tidal radius) and external structure. New structural parameters were derived for this system, including its King model parameters, luminosity and mass. These are summarised in Table 2 . Combining our data with the kinematic study of Koch et al. (2007c) allowed a new determination of the Leo II mass-to-light ratio, an important parameter for dSphs given their importance in the non-linear regime of CDM. We measured the V -band value to be in the range M/L = 7 − 90 in solar units, however we consider the upper limit to be the most likely value given that current kinematic data support a model in which the density of dark matter is constant to the radial limit of the stellar dSph system. That is, we conclude the mass-to-light ratio in this system is ∼100.
We analysed the internal and external structure of this system to determine the level to which it has been disrupted by the Galactic tidal field. The results indicated that Leo II shows some non-axisymmetry, however we did not detect any signficant evidence of extra-tidal structures such as tidal tails. The internal structure of Leo II does not display overt distortions; the ellipticity gradient we detected could be reproduced by a triaxial structure, and there was no significant variation in the position angle or central coordinates with radius. There was no sign of tidal distortion as seen in the Ursa Minor dSph (Martínez-Delgado et al. 2001; Palma et al. 2003) . In terms of regularity, Leo II resembles the Draco dSph (Odenkirchen et al. 2001b ).
In addition, we have not detected any extra-tidal structures which can be associated with Leo II. The only overdensities of note do not contain Leo II-type stellar populations, and it therefore does not seem plausible that they are tidally stripped material. There are further arguments supporting this view. Tidal tails are generally paired as a 'leading' and 'trailing' arm, yet the detected structures are not symmetric around Leo II. Also, the large Galactocentric distance of Leo II would suggest a minimal level of tidal distortion. It is essential to obtain velocity information to clarify the role of tides and to establish the nature of the overdensity (the VLT data of Koch et al. 2007b cover the surface of Leo II, however they do not extend to the region of the overdensity).
Leo II is a distant dSph, and if this is true for the entirety of its orbit, then strong tidal distortions are not expected. Vogt et al. (1995) and Koch et al. (2007b) did not find strong distortions, and our results support the view that any tidal deformation of this system has been relatively tranquil. Fig. 1. -The Leo II region as it exists in the SDSS catalogue. Note the missing stars at the centre of the dSph and towards the upper left corner. The red ellipses trace the core and tidal radii of the Leo II dSph (Mateo 1998 ) and the dashed lines outline the region within which we extracted g, r and i photometry using the DAOPHOT package. (Yi et al. 2001; Kim et al. 2002) in each panel trace a 9 Gyr age population with [Fe/H] abundances of −1.5 and −2.0, converted to the SDSS filters using the empirical solutions of Jordi et al. (2006) . The dashed line represents the i = 21.3 photometric limit of our survey. ′ , and the function in the wide-field has a radius of 4.7 ′ . In both diagrams, the first and second darkest contours trace density levels above the background of 1.5σ and 3σ respectively. Fig. 11 .-The structure of Leo II as a function of major axis radius. These datapoints were derived from the contour diagram in Fig. 10 , where we have calculated the best-fitting centre, ellipticity and position angle at succeeding radii. The dashed lines represent the values listed by Mateo (1998) and the dotted lines represent the core and tidal radii derived in this paper. We have shifted the y-axis in the RA and Dec panels to place the first datapoint at zero. 
